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The second generation of interferometric gravitational wave detectors are quickly approaching 
their design sensitivity. For the first time these detectors will become limited by quantum back- 
action noise. Several back-action evasion techniques have been proposed to further increase the 
detector sensitivity. Since most proposals rely on a flexible readout of the full amplitude- and phase- 
quadrature space of the output light field, balanced homodyne detection is generally expected to 
replace the currently used DC readout. Up to now, little investigation has been undertaken into 
how balanced homodyne detection can be successfully transferred from its ubiquitous application 
in table-top quantum optics experiments to large-scale interferometers with suspended optics. Here 
we derive implementation requirements with respect to local oscillator noise couplings and highlight 
potential issues with the example of the Glasgow Sagnac Speed Meter experiment, as well as for a 
future upgrade to the Advanced LIGO detectors. 


I. INTRODUCTION 

A century after gravitational waves were first predicted 
by Albert Einstein as a result of his General Theory of 
Relativity [1], the worldwide effort to provide the first 
direct detection of these waves is still ongoing. The Ad¬ 
vanced LIGO generation of interferometric gravitational 
wave detectors have just left their construction stages 
and are now being brought to their design sensitivity [2] . 

Contrary to previous generations, these detectors will 
be limited by quantum noise over their whole detection 
bandwidth. Above about 50 Hz, shot noise from the pho¬ 
ton statistics will be dominant, while at lower frequencies 
the sensitivity will be limited by back-action noise. In an¬ 
ticipation of these limitations, several technologies have 
been devised over the past years to specifically target 
and reduce quantum noise. Squeezed states of light are 
the most mature of these technologies and their applica¬ 
tion in gravitational wave detectors has been successfully 
demonstrated in GEO 600 and LIGO [3, 4] and intensely 
studied over the past few years [5]. 

To target the full quantum-noise spectrum, squeez¬ 
ing has to be combined with filter cavities that shape 
the quantum correlations such that an optimal back- 
action suppression is achieved at each frequency [6] . Fur¬ 
thermore, topologies such as variational readout have 
been proposed where also the quadrature of the de¬ 
tected output light field is adjusted in a frequency de¬ 
pendent way [6]. This is an example of a quantum non¬ 
demolition measurement, which theoretically allows for 
a back-action noise free readout [7]. Another example 
for such a measurement is the speed meter configuration, 
where the velocity of the test masses is detected instead 
of their position [8]. It exploits that the momentum ~ 
and the derived quantity velocity - of a free test mass is 
conserved, and thus repeated measurements of the speed 
do not influence each other. In 2003, Y. Ghen showed 
that the Sagnac interferometer configuration is a close 


approximation of a speed meter [9] , and experiments are 
now underway to demonstrate the back-action evasion 
properties of Sagnac interferometers [10]. 

In these advanced technologies, it is generally assumed 
that the detected field quadrature of the output signal 
can be freely adjusted, which is essential for their ability 
to surpass the standard quantum limit. This is however 
impossible with the current DC readout technique which 
is only sensitive to the amplitude quadrature [11, 12]. 
Balanced homodyne (BHD) detection [13] would allow 
for precisely choosing the readout quadrature [14], and 
it is a well-proven workhorse for table-top experiments 
throughout quantum optics [15]. It has been shown to 
provide shot-noise limited sensitivity over a wide fre¬ 
quency band from the GHz range [16] down to the sub-Hz 
regime [17]. 

However, attention has only recently turned to the 
problem of how to implement BHD readout in large-scale 
interferometers [18]. Here, we investigate the noise re¬ 
quirements that have to be imposed on such a readout 
scheme. In particular we focus on the case of significant 
amounts of carrier light (on the order of a mW) in the in¬ 
terferometer output field. This carrier light is introduced 
by a contrast defect of the main interferometer (e.g. dif¬ 
ferential losses of the interferometer arms) and, as we will 
show below, can lead to significant requirements on local 
oscillator stability. 


II. FUNDAMENTALS OF BALANCED 
HOMODYNE DETECTION 

For the following discussion, a simple review of the 
quantum-mechanical description of balanced homodyne 
detection is helpful. Following e.g. [19], we define the 
amplitude and phase quadrature operators Xi = (a -|- 
a^)/2, X 2 = —i(a — a^)/2, where a is the annihilation 
operator for a single-mode optical field. Furthermore, 
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FIG. 1. Schematic of balanced homodyne detection. The 
signal field is overlapped on a 50:50 beam splitter with a 
strong local oscillator (LO). Both beam splitter outputs are 
detected with a high-efficiency photo diode and subtracted 
from each other. Here, a direct photo-current subtraction cir¬ 
cuit is shown. The readout quadrature can be selected by 
adjusting the relative phase (p between signal and LO field. 
RTI, transimpedance-gain setting resistor. 


we set a = a -h Sa, which separates the mode’s classical 
amplitude a from its quantum fluctuations 5a. In a step 
that is commonly referred to as linearisation, terms of 
higher than linear order in the noise are neglected, i.e. 
5a5b —0. 

In balanced homodyne detection, the signal beam b is 
overlapped at a 50:50 beam splitter with a strong local 
oscillator field (LO) a as shown in Fig. 1. Without loss 
of generality, we can assume their coherent amplitudes a 
and /3, respectively, to be real, and absorb the relative 
phase (j) between the two fields in a phase factor exp(i0). 
The intensity in the two beam splitter output ports c and 
d is then given by 


a^a + a^be + ab''+ b^b 

a'^ + + 2a/3 cos 

-h 2adX^ + 2I35X\ 

+ 2a5Xt^ + 2^5X1 


and 


d^d 


q, 2 -1- ygS _ 2 q,^ pQg 0 

-h 2a6Xl + 2I35X\ 

- 2a6Xt^ - 2P5X% 


( 1 ) 


( 2 ) 


( 3 ) 


Here, cos (j) + X 2 sin (j) is the quadrature oper¬ 

ator for the quadrature angle tp. A more detailed calcu¬ 
lation can be found in the appendix in Appendix A. 

Both output ports c and d are separately detected with 
high-efficiency photo detectors and the resulting photo 
currents are subtracted, yielding a detector output that 
is proportional to 

=c^c-d)d = 2a(3 cos (l) + 2a5Xt^ +2(35X1, (4) 


with a noise variance of 

-b 4/32 . (5) 

The power in the local oscillator Plo = is chosen to be 
much larger than the power in the signal field Pgig = /3^, 

P-LO > Psig. ■ ( 6 ) 

Therefore the last term in Eq. (5) can usually be ne¬ 
glected. The output is then directly proportional to the 
signal’s noise in the quadrature X^_^, amplified by the 
coherent amplitude of the local oscillator. Tuning the 
relative phase 4> between local oscillator and signal al¬ 
lows for an easily accessible adjustment of the detected 
quadrature. 

Fulfilling the condition (6) is however not sufficient 
when the noise variance of the local oscillator beam 
is much higher than the signal’s noise variance. Usu¬ 
ally, the signals that one tries to measure with bal¬ 
anced homodyne detection are very close to or even be¬ 
low the quantum-mechanical zero-point fluctuations, i.e. 
A'^dX^ « ?iw/4. At the same time, the local oscilla¬ 
tor will be orders of magnitude away from the shot-noise 
limit due to technical laser noise, unless the measurement 
frequencies are well above the laser’s relaxation oscilla¬ 
tion, or else significant effort has been put into laser sta¬ 
bilisation [20]. Therefore, even tiny amounts of carrier 
light in the signal field can amplify the local oscillator’s 
noise sufficiently such that it completely dominates the 
output of the balanced homodyne detector. In the follow¬ 
ing section we will derive requirements on the amplitude 
and phase stability of the local oscillator, depending on 
the residual power Pgjg in the signal beam. 


III. NOISE COUPLING MECHANISMS IN 
BALANCED-HOMODYNE DETECTION 

Amplitude noise - Current DC readout schemes set 
strong requirements to the laser amplitude noise level: 
To provide the local oscillator light, the interferometer 
output port has to operate at some DC offset, thus send¬ 
ing a fraction of the light from the laser directly towards 
the output detector. 

Balanced homodyne readout also uses a local oscillator 
at the carrier frequency and is thus in principle suscepti¬ 
ble to laser amplitude noise. However, this noise is com¬ 
mon to both photo diodes and can thus be subtracted 
out by careful balancing of the photo currents. We can 
see this behaviour by putting an imbalance term 1 — e 
into (4), see also Appendix B for more details: 

= o'c — (1 — e)d^d (7) 

= const -b ea5X^ + (2 - e)a5Xt^ ■ (8) 

Any difference in e.g. beam-splitting ratio and photo 
diode quantum efficiency thus adds noise from the lo¬ 
cal oscillator’s amplitude quadrature X“. In practice, e 
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can be made very small and common-mode suppression 
ratios of more than 80 dB have been demonstrated [21], 
The situation gets worse, however, when the signal 
field carries significant DC power, i.e. /3 » 0. Such a sit¬ 
uation quickly arises due to a small contrast defect of the 
interferometer. Here we derive a relative intensity noise 
(RIN) requirement for the LO beam as follows. Looking 
at the noise variance in the output signal (5), we see that 
the noise in the signal field is amplified by the LO car¬ 
rier, while noise in the LO field is amplified by the signal 
carrier. We set ^ = 0 as we are only concerned with 
noise in the amplitude quadrature for now. The output 
should be dominated by the noise in the signal, therefore 
we require 

4Plo > 4Psig . (9) 

After dividing both sides by Plo x ^sig, i-e. the product 
of the mean (DC) powers in both signal and LO, this 
takes on the form of 

RIN^g > RIN^o , (10) 


where 


_ AP _ VRA2(5Xi 
~ ~ P 


( 11 ) 


is the relative intensity noise of the respective beam. Fi¬ 
nally, for signals at the quantum noise limit, RINgig is 
just the shot-noise limited RIN, RINsN.sig = A/2?iw/Psig, 
and thus results in the requirement 


RINlo < J■ (12) 

y -Oig 

Since balanced homodyne detection requires Plo > ^sigj 
this inequality is always fulfilled as long as the LO field is 
shot-noise limited. This is usually not a problem in table- 
top experiments in quantum optics where typical signals 
occur at sideband frequencies of several MHz, well away 
from technical noise sources such as the laser’s relaxation 
oscillation. For signals in the audio-band, however, it is 
much more difficult to get close to a shot-noise limited 
RIN [20] so that the condition (12) can pose a challenging 
requirement. 

Local oscillator path length stability - Let us now 

address phase noise within the local oscillator beam. In 
particular, since the LO and signal beams will have to 
travel along spatially separate paths for at least some 
distance, we will derive a requirement for the differential 
length fluctuations between these two paths. 

Again, from Eq. (5) we get the requirement that 

P,ig A^X^o < Plo « ^lo ^ , (13) 

such that the BHD output is not limited by excess noise 
on the LO beam. In the last step, we assumed a signal 
that is close to the vacuum noise, i.e. A^X^'® ~ hujji. If 
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FIG. 2. Requirement on local oscillator path length stability 
depending on the residual DC power level in the signal field. 
The blue curve is calculated from (17) for a wavelength of 
1064 nm, while the orange dashed curve is a simulated curve 
using the interferometry simulation tool Finesse [22]. We have 
indicated the requirements for the Glasgow Sagnac Speed Me¬ 
ter, see Section V below. In addition, we have added an in¬ 
dicative value for GEO-HF based on the residual fundamental 
mode content in its output port [23]. 


a (suspended) mirror in the LO path moves by a distance 
Ax, the corresponding signal in the phase quadrature is 
given by [24] 


X2° = —\/ Plo Ax. 
c 

Inserting this into (13) leads to 


p. 

^ sig 


dw^PLO 


A'^x < Plo 


huj 


and thus 


A^x < 


hc^ 

WPsiM ’ 


(14) 


(15) 


(16) 


which is, perhaps surprisingly, independent of Plo- 
Equivalently, we get the requirement for the single-sided 
displacement spectral density 


^ {Mr," {M 

assuming a carrier frequency of w = 27rc/1064nm. This 
requirement is flat over the whole frequency range that is 
of interest for the measurement. It is shown as a function 
of Pgig in Fig. 2, together with the results of a Finesse 
[22] simulation for this setup. 

To verify this, we set up a small BHD experiment in 
which additional phase noise was injected into the lo¬ 
cal oscillator path. The local oscillator power was set to 
0.55mW (equivalent to 4.12 Vdc on each photodiode). 
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FIG. 3. Experimental demonstration of the effect of phase 
noise on the local oscillator beam, and its dependence on sig¬ 
nal beam power. The traces were measured with an FFT 
analyser as VJ-ms, averaged 10 times and then normalised to 
the shot-noise level. 

We injected a small amount of laser light into the sig¬ 
nal beam, measuring less than SjiW or about a factor 
of 180 below the LO power level. The beat signal be¬ 
tween LO and signal helds was used as an error signal 
to stabilise the BHD readout to the phase quadrature 
via a PZT-mounted mirror in the LO path. The result¬ 
ing output noise spectrum was recorded with a spectrum 
analyser. Fig. 3 shows the spectrum (in blue) obtained 
for no additional phase noise, normalised such that the 
shot-noise level is at 1. In the next step, white noise with 
an amplitude of 100 mVpp was added into the PZT drive 
voltage, giving the green trace. The trace’s slope can be 
attributed to the declining transfer function of the PZT 
and its high-voltage amplifier. The excess phase noise on 
the LO is clearly visible. After further attenuating the 
signal beam with a neutral density filter with transmis¬ 
sion T « 10%, the excess phase noise is significantly re¬ 
duced (orange trace), which demonstrates that it scales 
with the signal power. Indeed, scaling the green curve 
with y/r (and taking the shot-noise contribution into ac¬ 
count) results in the dashed grey curve, which closely hts 
the orange curve. 


IV. BALANCED-HOMODYNE READOUT IN 
ADVANCED LIGO 

As we have seen in Section I, balanced homodyne de¬ 
tection is a vital prerequisite for many quantum-noise 
reduction techniques. In addition, balanced homodyne 
readout offers the possibility to reduce technical noise 
limitations, such as photodiode detection noise and scat¬ 
tered light as we will discuss in the following paragraph. 

In a foreseen upgrade to the Advanced LIGO grav¬ 
itational wave detectors, frequency-dependent squeezed 


FIG. 4. Illustration of fields 
in the detection port. An im¬ 
balance in the arms leads to 
leakage light in the output port 
(orange) which is orthogonal 
to a gravitational-wave signal 
(blue). A slight detuning of 
one of the arms leads to a dark- 
fringe offset field (green) in 
the gravitational-wave signal’s 
quadrature. A dark-fringe off¬ 
set will thus amplify ampli¬ 
tude fluctuations of the local 
oscillator (red), while an im¬ 
balance in the arms amplifies 
phase fluctuations. 


light will be used to improve the detectors’ quantum- 
noise limited sensitivity [25]. Still, the readout quadra¬ 
ture will remain the amplitude quadrature, such that 
conventional DC readout seems sufficient. However, as 
Fritschel et al. [18] have pointed out, it will be increas¬ 
ingly difficult to maintain sufficient noise margin between 
the photo-diode electronic noise and the shot noise for 
high levels of squeezing. This margin is directly re¬ 
lated to the DC voltage level after the photo-diode tran¬ 
simpedance amplifier. In the presence of squeezing lev¬ 
els of about 10 dB, challenging voltage levels exceeding 
50Vdc will be encountered. Balanced-homodyne detec¬ 
tion would help in that the large DC offset can be directly 
subtracted before reaching the transimpedance ampli¬ 
fier stage [26]. Further technical benefits of balanced- 
homodyne readout are connected to the reduction of light 
in the output port, because the dark-fringe offset that is 
necessary for DC readout can be eliminated. This would 
help mitigating scattered light noise which originates 
from the output optics [27], as well as reducing first-order 
coupling of beam-pointing noise on differential-wavefront 
sensors [28]. 

The DC signal power in Michelson-type interferome¬ 
ters such as Advanced LIGO is the result of two different 
processes, see Fig. 4. Firstly, the light recombining at the 
main beam splitter can be offset in phase by slightly de¬ 
tuning the length of one of the interferometer arms. This 
dark-fringe offset leads to light in the gravitational-wave 
signal’s quadrature. Secondly, the recombining light can 
have a mismatch in amplitude, leading to some leak¬ 
age light in the output field which is in the orthogonal 
quadrature to the gravitational wave signal. In total, 
this leads to a DC signal field in the output port that is 
oriented in some mixed quadrature orientation and both 
amplitude and phase quadrature noise couplings as dis¬ 
cussed above have to be considered. 

In Advanced LIGO, a local oscillator could be obtained 
from one of the beams that are reflected at the main beam 
splitter anti-reflective coating [18]. The interferometer 


^ Si > k 
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FIG. 5. Simulated requirements on the local oscillator am¬ 
plitude stability for the Glasgow Sagnac Speed Meter ex¬ 
periment, depending on main beam-splitter imbalance. The 
traces were simulated with Finesse [22] and do not include 
noise sources other than quantum noise for the sensitivity 
modelling. 


main laser is already amplitude stabilised to a very high 
degree [29] , in addition to being frequency-stabilised and 
filtered by the 4km-long power-recycling cavity. Thus, 
it should not be a problem to satisfy Eq. (12) for any 
remaining DC signal power that can reasonably be ex¬ 
pected to occur in the interferometer output port. 

The path-length stability from Eq. (17) sets a require¬ 
ment on the suspension and control of any auxiliary 
optic that is not common to both local oscillator and 
signal path. Assuming that the signal DC power can 
be kept below 1 mW, a displacement stability of about 
1 X 10“^® m/-\/Hz would need to be achieved. This is be¬ 
yond the capabilities of simple auxiliary suspensions, but 
within the requirements for e.g. the input mode-cleaner 
suspensions [30]. 


V. BALANCED-HOMODYNE READOUT IN 
THE GLASGOW SAGNAC SPEED METER 

The Glasgow Sagnac Speed Meter Experiment [10] is a 
small-scale experiment with the goal of showing quantum 
back-action noise suppression in the Sagnac configuration 
[9], i.e. to demonstrate the feasibility of the speed meter 
concept for gravitational wave detectors. To achieve this 
goal, the experiment must be strongly dominated by ra¬ 
diation pressure forces at the frequencies of interest. This 
will be achieved by using light mirrors (« 1 g), suspended 
from multi-stage pendulums, in combination with high 
laser powers (several kilowatts inside high-finesse cavi¬ 
ties). 

Eor an ideal Sagnac interferometer, the output port 
is always at a dark fringe. In addition, the output 
signal appears in the phase quadrature. Therefore the 
Sagnac interferometer is unsuitable for the DC readout 


scheme used in Michelson interferometers [31]. Instead, 
the Sagnac interferometer is an obvious candidate for 
balanced-homodyne readout, which can be tuned to any 
readout quadrature and provides the necessary local os¬ 
cillator. 

Asymmetries in the interferometer can couple light into 
the output port, e.g. a non-perfect splitting ratio of the 
main beam splitter [31]. The implications of such asym¬ 
metries on the Sagnac speed meter’s quantum-noise lim¬ 
ited sensitivity (QNLS) are discussed in [32]. 

In Fig. 5, we show the impact of beam splitter im¬ 
balance on the RIN requirements for the local oscillator 
beam. The high-frequency level is given by the RIN of the 
residual DC signal power, additionally relaxed by about 
one order of magnitude because the Sagnac’s readout is 
set (close) to the phase quadrature, seeing little influence 
of amplitude fluctuations.Towards lower frequencies, the 
requirements become significantly relaxed. We can there¬ 
fore conclude that for the Glasgow Sagnac Speed Me¬ 
ter, the local oscillator does not have to be amplitude- 
stabilised beyond what is needed for the main laser. 

In terms of path stability, we assume that a beam split¬ 
ting imbalance of ±0.2% is achievable. This would re¬ 
sult in about 20 pW DC signal power. According to Eq. 
(17) this leads to a displacement noise requirement of 
< 5.8 X lO”^'^ m/-\/Hz in the detection band from 100Hz 
to 1000 Hz. We believe this is within the capabilities 
of our auxiliary beam steering suspensions, which we de¬ 
signed to achieve a horizontal displacement noise of about 
1 X 10“^®m/-\/Hz at 100Hz. 


VI. SUMMARY 

Novel aspects of quantum-noise reduction techniques 
in advanced gravitational wave detectors rely on a ro¬ 
bust method for detecting arbitrary quadratures of the 
interferometer output field. Here we have investigated 
the challenges that arise when balanced homodyne read¬ 
out is introduced to these detectors. In particular, we 
derived requirements for the amplitude noise and path 
length stability of the local oscillator field. We found 
that residual power in the signal path, caused by a con¬ 
trast defect of the main interferometer, is the main driver 
of these requirements. We verified this result in a table- 
top experiment, where we introduced additional phase 
noise in the local oscillator path. Within the examples of 
Advanced LIGO and the Glasgow Sagnac Speed Meter 
we showed that the derived requirements are manageable 
with current technology and do not exclude the applica¬ 
tion of balanced homodyne readout in gravitational wave 
detectors. 
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Appendix A: Detailed calculation of 
balanced-homodyne detection 

Let us denote the two fields impinging onto the 50:50 
beam splitter with a and b. The relative phase between 


the two fields shall be </>, which we write as an explicit 
phase a — )■ ae“^. The two output fields c and d are then 
given by 



(Al) 


d = T + 5 ) . 

(A2) 

The light power in each output field is proportional to 
the number operators c^c and d^d, respectively. These 
are given by 

Jn — - 
2 

"(ate-‘^ + 6^)(ae‘'^ + b) 

(A3) 

1 

“ 2 

a + b^b + a^be““^ -b ab^e"^ 

(A4) 

and 



d^d= - 
2 

(—a'^e“*'^ -b b^) (—ae'*^ -b b) 

(A5) 

1 

“ 2 

a^a -b b^b — a^be““*^ — ab^e"^ . 

(A6) 


We now decompose the operators into a classical am¬ 
plitude and the quantum-mechanical fluctuations, a = 
a+5a. Eurthermore, we linearise the equations such that 
terms that are quadratic in the noise vanish, 5a5b —>■ 0. 
With this, Eq. (A4) becomes 

c^c = - + a[ 6a -I- 5a\ + 6be~^‘^ + (A7) 

2<5X“ 

+ 13^ + l3{6b + S^ + Sa^^Sa^£^) (A8) 

2SX\ 25X5 

-b -b a/3e-‘'^j (A9) 

2ol(3 cos (f) 

= ^ -b /3^ + 2a/? cos cj) + 2aSXl + 2I55X\ 

(AlO) 

+ 2a,5Xi^ + 2/3(5A:;] . (All) 


Similarly, Eq. (A6) becomes 

d)d=]^ +13^- 2a/? cos <f) + 2a5X1 (A12) 

-b 2I35X\ - 2a6Xt^ - 2/?(5X;j . (A13) 

The difference in photo currents is therefore proportional 
to 


i_ = c - = 2a/? cos (/) -b 2aSXt^ + 2/?(5X; , 

(A14) 


with a noise variance of 


= 4a2 -b 4/?2 . (A15) 


Appendix B: Imbalanced subtraction 


We can model the effects of a non-ideal common-mode 
rejection ratio by an imperfect subtraction in Eq. (A14), 
i.e. by writing 


= c^c — (1 — e)d^d (Bl) 

= const-be(a5X“-b/?5Xj) (B2) 

+ {2-e){aSXt^ + f36X;). (B3) 


Comparing this result to Eq.(A14), we see that the an 
additional noise term proportional to the amplitude noise 
5Xi in the two beams is introduced. Since a ^ j3 and 
often also A^(5X“ ^ X^5X\, the contribution from the 
local oscillator a will be dominating. 
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